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Ferrous fumarate is currently recommended for use in the fortiﬁcation of foods for
infants and young children. This recommendation is based on the compound's good
sensory properties and on results from isotope studies in adults that reported similar
iron absorption values for ferrous fumarate and ferrous sulphate (relative
bioavailability [RBV] of ferrous fumarate, 100). However, later isotope studies
conducted on both iron-replete and iron-deﬁcient young children found that iron
absorption from ferrous fumaratewas only about 30%of that achieved from ferrous
sulphate (RBV, 30). The reasons for the diﬀerences observed in adults comparedwith
children are unclear but could be related to the following factors: lower iron status in
children resulting in greater iron absorption via upregulation from ferrous sulphate
but not from ferrous fumarate; reduced gastric acid secretion in children leading to
retarded dissolution of ferrous fumarate; or an inﬂuence of added ascorbic acid on
RBV. Ferrous fumarate-fortiﬁed complementary foods have been demonstrated to
improve iron status in iron-deﬁcient infants and, more recently, to prevent iron
deﬁciency equally as well as ferrous sulphate in iron-replete infants. However,
current evidence indicates that iron-deﬁcient infants and young children may
absorb iron from ferrous fumarate less well than iron from ferrous sulfate and that,
for equivalent eﬃcacy, complementary foods targeted at such infants and young
children should contain more iron in the form of fumarate.
© 2010 International Life Sciences Institute
INTRODUCTION
Complementary foods are the ﬁrst solid foods fed to
infants. They are introduced at about 6 months of age
when human milk can no longer provide all the energy,
protein, and micronutrients necessary to meet the
infant’s requirements for growth, and they usually form
part of a mixed diet that includes breast milk. The provi-
sion of adequate iron in complementary foods is particu-
larly important, since breast milk is extremely low in iron
and iron stores in the liver of infants born at term last
only for about 4–6 months.1 In low-birthweight infants,
iron stores are smaller and provide a source of iron for an
even shorter time.
Iron deﬁciency with or without anemia in infants
and young children is still widespread and is of special
concern in developing countries.2 Iron deﬁciency during
infancy impairs normal brain development and can have
a serious and detrimental eﬀect on an infant’s future.
Iron-deﬁcient anemic children are reported to have lower
mental, social, emotional, and motor development scores
than infants with normal iron status,3,4 which can result in
lower school performance at 11–14 years of age.5 Studies
from Chile found reduced nerve conduction velocity in
response to an auditory signal in children who were pre-
viously iron-deﬁcient and anemic; this was despite hemo-
globin repletion with oral iron therapy6 and is strongly
suggestive of decreased myelinization of nerve ﬁbers.
Commercial, roller-dried, precooked, complemen-
tary foods and uncooked, blended foods provided
through food aid programs, such as the US Food for Peace
Program (7 USC 1721), are typically formulated based on
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cereal alone, or on cereals with legumes or milk to
provide adequate protein, and they are fortiﬁed with a
range of micronutrients. The Food for Peace Program
was originally authorized by Public Law 480 (PL480) in
1954. PL 480, Title II is the largest of the programs, and is
designed by law “to respond to emergency food needs
. . . combat malnutrition, especially in children and
mothers . . . [and] promote food security” (7 USC Section
1721). Section 204 of the law (7 USC Section 1724)
requires that 75% of commodities for nonemergency pro-
grams be made up of fortiﬁed, processed, and bagged
products.While milk was included in the original formu-
lation of the products for preschoolers in the 1960s, the
cereal blends withmilk powder are no longer obtained for
distribution,principally because of the higher cost of milk
as a protein source (in comparison to soy). The commer-
cial products often contain additional components, such
as fruit. These roller-dried or blended products are tech-
nically diﬃcult to fortify with iron, since water-soluble
iron compounds of high relative bioavailability, such as
ferrous sulphate, may result in oﬀ-putting ﬂavors, due to
fat oxidation reactions during storage, and may cause
adverse color reactions, particularly in the presence of
fruit or vegetables.7 It has therefore been the custom to
fortify dry cereal products with iron compounds that are
insoluble in water in order to avoid the undesirable
sensory changes.
Electrolytic iron is commonly used to fortify com-
mercial infant cereals in the United States, whereas Euro-
pean manufacturers usually add ferrous fumarate or
ferric pyrophosphate.8 The US Food for Peace Program
fortiﬁes the cereal/legume blended products (such as
corn soy blend) with ferrous fumarate and the fortiﬁed
ﬂour product (such as wheat ﬂour) with reduced (325
mesh) iron,without specifying the type. Ferrous sulphate,
ferrous fumarate, and electrolytic iron powder (at twice
the level of iron as sulphate or fumarate) are recom-
mended for the fortiﬁcation of cereal-based complemen-
tary foods in the World Health Organization Guidelines
on Food Fortiﬁcation9 and by the Pan American Health
Organization.10 None of the diﬀerent forms of reduced
iron are recommended at the present time. In order to
ensure adequate iron absorption in the presence of high
phytic acid from cereals and legumes, it is also recom-
mended that ascorbic acid be added with the iron com-
pound at a 2:1 molar ratio compared to iron.7,9 This
recommendation mainly applies to precooked commer-
cial infant cereals, which are packed in airtight,moisture-
resistant packages and are made into a pap with hot
potable water or milk. When fortiﬁed foods (including
blended foods) are poorly stored or cooked before con-
sumption, ascorbic acid is extensively degraded.
The recommendation to add ferrous fumarate or
electrolytic iron to complementary foods for infants and
young children is based on relative bioavailability (RBV)
studies performed in adults. In these studies, absorption
of the test iron compound is compared to that of ferrous
sulphate, a compound that readily enters the common
iron pool in the gastric juice. While there have been no
direct comparisons of iron absorption from iron-fortiﬁed
foods in adults as compared to infants or young children,
there are indications that adults and infants respond simi-
larly to enhancers and inhibitors of absorption.11 In addi-
tion, the limited available evidence suggests that infants
between 6 and 9 months of age also regulate their iron
absorption in relation to iron intake and to the size of
their body iron stores.12
When determining recommendations for the choice
of iron fortiﬁcant, it has been assumed that if an iron
compound has a high RBV in adults, then it will also
have a high RBV in children. Ferrous fumarate is as well
absorbed as ferrous sulphate in adults13 and electrolytic
iron appears to be absorbed about half as well as ferrous
sulphate.8 Until recently, no relative bioavailability
studies had been performed in infants and young chil-
dren consuming iron-fortiﬁed complementary foods.
However, two recent studies of young children have
cast doubt on the suitability of ferrous fumarate for
complementary food fortiﬁcation,14,15 at least in relation
to the iron and ascorbic acid levels tested in these
studies. In young children, the RBV of ferrous fumarate
was only 30–35% of ferrous sulphate. The present
review, conducted as part of SUSTAIN’s Food Aid
Quality Enhancement Project, evaluates the usefulness
of ferrous fumarate to fortify foods for infants and
young children and discusses the use of alternative iron
compounds.
Ferrous fumarate absorption studies in adults
In an attempt to ﬁnd a highly bioavailable iron compound
to add to commercial infant cereals, a series of sensory
studies was conducted in adults using cereals containing
10 mg and 50 mg Fe/100 g, followed by rat hemoglobin
repletion tests and human bioavailability studies.13 Based
on these experiments, ferrous fumarate and ferrous suc-
cinate were recommended as alternatives to ferrous
sulphate for fortifying infant cereals with iron. Unlike
ferrous sulphate, ferrous fumarate and ferrous succinate
caused few or no sensory changes in the stored cereal
products or color changes in the porridges made by
adding hot milk or water. In addition, when the experi-
mental iron compounds were synthesized using 55Fe,
the RBV values in human subjects were equivalent to
the RBV value of ferrous sulphate labeled with 59Fe. In the
human studies, the intrinsically labeled compounds were
added to a commercial wheat-milk infant cereal and fed
to iron-replete adults. These various ﬁndings have been
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ascribed to the fact that ferrous fumarate and ferrous
succinate are slowly soluble in water but readily soluble in
dilute acids, such as the gastric juice. As a result, they are
nonreactive enough to avoid organoleptic problems, yet
adequately soluble in the gastrointestinal lumen to be
available for absorption. In the human studies, iron
absorption from a cereal fortiﬁed with 7.5 mg iron as
ferrous sulphate and 35 mg ascorbic acid per 100 g dry
cereal was around 3% (Table 1). The RBV values were 100
for ferrous fumarate (Table 1) and 92 for ferrous succi-
nate, as compared to 39 for ferric pyrophosphate and 75
for ferric saccharate,which were also tested.Ascorbic acid
was added along with all iron compounds. Ferrous fuma-
rate, ferrous succinate, ferric pyrophosphate, and ferric
saccharate did not cause sensory problems. In addition,
encapsulated ferrous sulphate did not provoke fat oxida-
tion during storage, but it did cause color changes with
some cereals when hot water or hot milk was added to
make the pap.
Several other studies have conﬁrmed the high RBV
value of ferrous fumarate in adults (Table 1). Intrinsically
radio-labeled ferrous fumarate added to a chocolate drink
powder immediately prior to consumption was absorbed
to the same degree as ferrous sulphate (RBV 117) by
iron-replete adults, and when added to the product
during manufacturing (prior to vacuum drying), the
RBV value rose to 201.16 Ferrous fumarate absorption
increased, while ferrous sulphate absorption remained
unchanged. The reasons for this are unknown.
The absorption of intrinsically radio-labeled ferrous
fumarate was later compared to ferrous sulphate and
NaFeEDTA added to a wheat cereal, a wheat/soy cereal,
and a quinoa cereal. Relative to ferrous sulphate, the RBV
values of ferrous fumarate in iron-replete adults were 94,
128, and 91, respectively, for the three diﬀerent cereal
products, as compared to RBV values of 258, 459, and 314
for NaFeEDTA added to the same products.17 No ascorbic
acid was added in these studies, and mean iron absorp-
tion from ferrous fumarate in the iron-replete adults
varied between 0.6 and 2% depending on the phytate
content of the cereal porridges (Table 1).
More recently, Fidler et al.18 compared the absorp-
tion of ferrous fumarate intrinsically labeled with the
stable iron isotope 57Fe,with ferrous sulphate labeled with
58Fe.The isotopically labeled iron compounds were added
to a wheat/milk infant cereal (5 mg Fe/50 g meal) and fed
to adult women, of whom about one-third had low iron
stores (serum ferritin < 12 mg /L). Iron absorption from
ferrous sulphate was 3.1%, compared to 3% for ferrous
fumarate (RBV 97) (Table 1).Adding ascorbic acid at a 4:1
molar ratio relative to iron increased the absorption of
ferrous fumarate about twofold. In adolescent Guatema-
lan girls (12–13 years), all of whom had normal hemoglo-
bin values and <10% of whom were iron deﬁcient, mean
iron absorption from corn tortillas consumed with bean
paste and fortiﬁed with 57Fe-labeled ferrous fumarate was
5.5% and 6.2% in two separate studies, as compared to
5.5% iron absorption in a third group of girls who were
fed the same meal fortiﬁed with 58Fe-labeled ferrous
sulphate.19
Based on these relative bioavailability studies carried
out in mostly iron-replete adults and adolescents with
iron compounds intrinsically labeled with either radio or
stable iron isotopes, ferrous fumarate was judged to be as
well absorbed as ferrous sulphate and was recommended
for use in the iron fortiﬁcation of complementary foods
for infants and young children.
Ferrous fumarate absorption studies in infants and
young children
The existing literature contains ﬁve published reports of
studies measuring iron absorption from ferrous fumarate
in infants or young children (Table 2), but only two of
these studies compared the absorption of ferrous fuma-
rate directly with ferrous sulphate absorption in the same
Table 1 Iron absorption studies in adult men and women from food fortiﬁed with ferrous fumarate or ferrous
sulphate.
Reference† Test meal Fe (mg/serving) Ascorbic acid
(mg/serving)
Mean Fe abs. (%) RBV‡
Fumarate Sulfate
Hurrell et al. (1989)13 Wheat-milk infant cereal 7.5 35 2.58 2.58 100
Hurrell et al. (1991)16 Chocolate drink powder
Fe added after drying 5 25 3.31 2.82 117
Fe added before drying 5 25 5.27 2.62 201
Hurrell et al. (2000)17 Wheat infant cereal 5 – 2.06 2.20 94
Wheat-soy infant cereal 5 – 0.93 0.73 128
Quinoa infant cereal 5 – 0.57 0.63 91
Fidler et al. (2003)18 Wheat-milk infant cereal 5 – 3.0 3.1 97
† References include all radio isotope studies, except ref. 18 which used stable isotopes, testing absorption of fumarate and sulfate in
same subject. Subjects were mostly iron replete (serum ferritin > 12 mg/L).
‡ RBV, relative bioavailability; “absorption fumarate/absorption sulfate”¥100.
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child. All ﬁve of the studies used ferrous fumarate intrin-
sically labeled with 57Fe.
In the ﬁrst study, mean iron absorption by ten
Polish infants aged 6–12 months who were fed a wheat/
soy infant cereal fortiﬁed with ferrous fumarate (10 mg
Fe/100 g) and ascorbic acid (100 mg/ 100 g) was 4.1%
compared to 1.3% by the same infants fed an identical
cereal fortiﬁed with ferric pyrophosphate.20 Two infants
were anemic (hemoglobin < 110 g/L) and one further
infant had a serum ferritin level below 12 mg /L. Each
infant consumed 25 g cereal made into porridge with
hot water. A comparison with ferrous sulphate absorp-
tion was not made. Two further studies of young chil-
dren have been conducted with intrinsically labeled
ferrous fumarate encapsulated in a hydrogenated
soybean oil matrix, which represented 40% of the forti-
ﬁcant by weight. According to Zimmermann,21 this
amount and type of capsule should not inﬂuence iron
bioavailability.
In a study performed in 6–18-month-old children,22
30 mg and 45 mg of iron as encapsulated ferrous fuma-
rate was added together with other micronutrients
(“Sprinkles”) to maize, groundnut, and bean porridge at
the time of feeding. The micronutrient mix provided
50 mg ascorbic acid. Fractional iron absorption did not
diﬀer between doses and was 8.2% in children who were
iron deﬁcient and anemic, 4.5% in children with iron
deﬁciency, and 4.6% in children with suﬃcient levels of
iron. In a follow-up study23 conducted using the same
protocol, iron absorption from 30 mg Fe as intrinsically
labeled encapsulated ferrous fumarate in 12–24-month-
old children (most of whom were iron deﬁcient) was
reported to be around 6%. No comparison with ferrous
sulphate was made.
Two further studies, one in Bangladesh14 and one in
Mexico,15 compared iron absorption in young children
fed complementary foods fortiﬁed with ferrous fumarate
or ferrous sulphate. In Bangladesh, a wheat/soy infant
cereal (25 g) fortiﬁed with 57Fe-labeled ferrous fumarate
or 58Fe-labeled ferrous sulphate (10 mg Fe/100 g) plus
ascorbic acid (94 mg/100 g) was fed to two groups
(n = 12 in each group) of 2–5-year-old children.14
All of the children were iron deﬁcient and anemic
(hemoglobin < 110 g/L; serum ferritin < 12 mg/L); one
group of children had been diagnosed with Helicobacter
pylori infection and the second group was free of H.
pylori. In the group of children without H. pylori, mean
iron absorption from ferrous fumarate was 5.4%
compared to 16.6% from ferrous sulphate (RBV 35)
(Table 2). In the children with H. pylori infection, mean
iron absorption from ferrous fumarate was 5.3%, as
compared to 19.7% from ferrous sulphate (RBV 27).
Treatment of the H. pylori infection for 14 days with
amoxicillin, clarithromycin, and omeprazole cured theT
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infection in most children but had little inﬂuence on
iron absorption. Mean iron absorption from ferrous
fumarate was 6.4% compared to 22.5% from ferrous sul-
phate (RBV 28). Gastric acid output was slightly but sig-
niﬁcantly lower in the children infected with H. pylori
but it returned to normal after treatment.
In the study performed in Mexico,15 two separate
groups of 17 (group 1) and 19 (group 2) 2–3-year-old
children were fed a milk/maltodexrin complementary
food fortiﬁed with 57ferrous sulphate (group 1) or
57ferrous fumarate (group 2). Approximately 44 g of the
complementary food mixture, containing 10 mg iron
(1.2:1, ascorbic acid: iron), was mixed with about 25 mL
water and fed to the children; 11% of them were anemic
and 20% were iron deﬁcient based on low ferritin levels.
The iron status of the two test groups of children was
found to be similar; as judged by a similar level of iron
absorption from a reference iron dose.Mean iron absorp-
tion in the children who were fed the complementary
food fortiﬁed with ferrous sulphate was 7.9%, as com-
pared to 2.4% from the group of children who were fed
the same complementary food fortiﬁed with ferrous
fumarate (RBV 30).
The only eﬃcacy study to be published thus far was
carried out in 6–12-month-old SouthAfrican infants who
received maize meal fortiﬁed with ferrous fumarate at
27.5 mg Fe/100 g and vitamin C at a 1.6 molar ratio com-
pared to iron.24 At baseline, 58% of the infants were iron
deﬁcient and 46% were anemic. The maize meal was also
fortiﬁed with zinc and b-carotene. Infants were fed 50 g
maize meal per day as one or two meals. This provided a
total of about 14 mg iron per day for 6 months and
increased the hemoglobin signiﬁcantly by 9 g/L and the
serum ferritin by 9.4 mL in comparison with controls who
received the non-fortiﬁed maize porridge. The propor-
tion of infants with anemia decreased from 45% to 17% in
the fortiﬁed porridge group, whereas the prevalence of
anemia remained at >40% in the control group.This is the
only classic eﬃcacy study performed to date that has
demonstrated that ferrous fumarate fortiﬁed foods
improve iron status.
Another recent study conducted in Bangladesh sup-
ports the usefulness of ferrous fumarate (and ferric pyro-
phosphate) in the iron fortiﬁcation of complementary
foods25; the study showed that the compounds can help
maintain adequate iron status in iron-replete children, in
a similar manner as ferrous sulphate. The study was con-
ducted as a double-blind eﬃcacy study in 235 non-
anemic children aged 6–24 months; the children were
randomized into three groups that received one serving
per day of iron-fortiﬁed infant cereal containing 9.3 mg
iron in the form of sulphate, fumarate, or pyrophosphate
plus ascorbic acid at a 3:1 molar ratio. The level of iron
was about fourfold greater than the level usually added to
a commercial infant cereal, and the ascorbic acid level was
50% higher. The children were fed the fortiﬁed wheat/
milk cereal 6 days a week for 9 months. No signiﬁcant
diﬀerence was observed among the three groups in the
proportion of children developing anemia during the
study (range, 18–22%). Children who became anemic
were immediately removed from the study and treated
with iron. At 9 months, all of the children remaining in
the study had normal serum transferrin receptor concen-
trations. Two children in the sulphate group, one child in
the pyrophosphate group, and zero children in the fuma-
rate group had serum ferritin values below 12 mL. In this
study, the ferrous fumarate-fortiﬁed cereal was equally as
good as the ferrous sulphate-fortiﬁed cereal at maintain-
ing adequate iron status and preventing iron deﬁciency in
the children. This study provides evidence that, with a
daily dose of 9 mg fortiﬁcation iron plus ascorbic acid at
a 3:1 molar ratio, ferrous fumarate is as good as ferrous
sulphate for preventing iron deﬁciency in initially iron-
replete children.The high iron level provided by fumarate
and the higher than normal ascorbic acid level could have
contributed to this ﬁnding.
Variation in relative bioavailability with
subjects' iron status
For many years, the RBV value of an iron compound has
been used to evaluate its suitability for food fortiﬁcation.
Initially,theRBVvaluewas obtainedusing rat hemoglobin
repletion studies and,more recently,using isotopic studies
inhumans consuming fortiﬁed foods.Ironcompounds are
ranked in comparison to the reference compound ferrous
sulphate.Itwas implicitly assumed thatunder all situations
the test iron compound would have the same relative
absorption when compared to ferrous sulphate. Recently,
however, it was suggested that iron absorption from
ferrous sulphate is upregulated more readily in iron-
deﬁcient humans than iron absorption from water-
insoluble iron compounds and that iron absorption from
ferrous sulphate is also more sensitive to inhibitors and
enhancers of iron absorption.26 Further unpublished data
conﬁrms that iron absorption in iron-deﬁcient women
occurs via upregulation from foods fortiﬁed with ferric
pyrophosphate less than from foods fortiﬁed with ferrous
sulphate (Zimmermann M, personal communication).
Further evidence exists from a recent stable isotope study
conducted in Mexico with non-anemic and largely iron-
replete women, infants, and young children that the RBV
value of ferrous fumarate is around 100 in all population
groups (Harrington M, personal communication). The
subjects in that study included young women, their 6–24-
month-old infants, and young children between the ages
of 2 and 5 years, with 20 subjects per group; all of the
subjects were fed a sweetened drink that was based on
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degermed (low phytate) maize ﬂour andmilk powder and
fortiﬁed with ferrous fumarate or ferrous sulphate. Seven
women,one child,andone infant had serum ferritin values
below 12 mL.Within eachpopulation group,no signiﬁcant
diﬀerences in iron absorptionwere found between ferrous
sulphate and ferrous fumarate, although mean iron
absorption depended on iron status and was 19% in
women, 7% in infants, and 6% in young children. RBV
values for ferrous fumarate were 86 in women, 97 in
infants, and 106 in children.
Thus, the presently available evidence indicates that
the iron status of women inﬂuences the RBV of iron
compounds such as ferric pyrophosphate, which are
poorly soluble in dilute acid. However, the inﬂuence of
the iron status of infants and children on the RBV of
ferric pyrophosphate and ferrous fumarate is not known
and the low iron status of the infants in the Bangladesh
study14 could be an explanation for the low RBV reported
for ferrous fumarate.14,15 The children in the Mexico
study,15 however, were a mixture of iron-deﬁcient (20%
low serum ferritin, 11% anemic) and iron-replete sub-
jects. An additional explanation could be that in some
situations children have a lower gastric acid output than
adults and that fumarate does not completely dissolve in
the gastric juice during the digestion process.14 If this is
the case, then all poorly soluble iron fortiﬁcation com-
pounds, including the diﬀerent forms of elemental iron
and ferric pyrophosphate, would be likewise less well
absorbed relative to ferrous sulphate in young children
compared with adults. The diﬀerential eﬀects of ascorbic
acid and phytic acid on iron absorption from ferrous
sulphate and other iron compounds could also inﬂuence
the RBV value.
When designing an iron-fortiﬁed food, the food
manufacturer is advised to choose the iron compound
with the highest RBV that causes no sensory problems.
The level of fortiﬁcation should be based on the needs
of the consumer, the estimated or measured iron
absorption, and the level of consumption of the food
vehicle by the target population. Absorption can be
increased with ascorbic acid. An RBV of less than 100
does not mean that the iron compound is unsuitable for
fortiﬁcation and similarly an RBV of 100 does not
ensure success. Based on the fractional iron absorption
from the fortiﬁed food, the iron concentration in the
food can be increased so as to meet the consumer’s iron
needs for absorbable iron. The World Health Organiza-
tion9 recommends that the RBV should be at least 50
and, in such a situation, the iron compound (ferric pyro-
phosphate, electrolytic iron) should be added at twice
the level of ferrous sulphate. An iron compound is an
acceptable iron fortiﬁcant if the amount of additional
absorbable iron provided by the fortiﬁed food meets the
needs of the target population.9
Achieving adequate iron absorption from
iron-fortiﬁed foods fed to infants and young children
Optimizing the level of ferrous fumarate. Although two
studies have reported that iron absorption by infants
from ferrous fumarate-fortiﬁed complementary foods
is only 30% of that from ferrous sulphate, mean iron
absorption from ferrous fumarate-fortiﬁed cereal foods
in all studies has varied from 2.4% to 8.2% (Table 2)
depending on the iron status of the children, the level of
iron fortiﬁcation, and the type and amount of the meal.
Iron absorption was 2.4% from a 44 g meal containing
10 mg iron,15 5.4% from a 25 g meal containing 2.5 mg
Fe,14 4.5–8.2% in a maize, groundnut, and bean porridge
containing 30 mg of iron as encapsulated ferrous fuma-
rate22,23 and 6–7% in infants and young children consum-
ing 60 g of a maize milk drink with 2.5 mg of iron in a
recent, as yet unpublished, Mexican study.
From this information, a suitable ferrous fumarate-
fortiﬁed complementary food can be developed by
adjusting the level of ferrous fumarate fortiﬁcation so that
the required amount of iron is absorbed.According to the
World Health Organization/Food and Agriculture Orga-
nization,27 a 7–12-month-old infant requires 18.6 mg
iron intake from a 5% bioavailability diet (0.93 mg
absorbable Fe/day) and a 1–3-year-old child requires
11.6 mg iron intake (0.63 mg absorbable Fe/day).Assum-
ing that little or no iron is provided by other dietary
components, the amount of added iron in the average
intake of complementary food should meet the require-
ments of the infant or young child. According to Dewey
and Brown,28 25, 50, and 140 g of cereal-based comple-
mentary food are required to meet the daily energy needs
of the 6–8-, 9–11-, and 12–23-month-old children,
respectively. Thus, in order to provide 9–11-month-old
children with 0.9 mg absorbable iron per day in 50 g of a
cereal-based meal, the meal should be fortiﬁed with
19 mg iron as ferrous fumarate (36 mg Fe/100 g), assum-
ing 5% iron absorption, which is the average reported in
the published studies.A higher level of fortiﬁcation would
be necessary for the younger children who consume less
or to allow for a lower fractional absorption. For the 1–3-
year-old child whose requirements are less and who may
have other sources of iron in the diet, a single 50 g meal
containing 10 mg of iron as ferrous fumarate should
suﬃce if absorption is 5% (20 mg Fe/100 g). These calcu-
lations assume that ascorbic acid is present in the meal in
at least a 1:1 molar ratio with iron.While this should be
achievable in precooked, well-packaged cereal foods that
are made into a pap with hot water or milk, it may not be
possible to add ascorbic acid to cereal foods that need to
be cooked before consumption.
In the recent study conducted in iron-replete 7–24-
month-old Bangladeshi children, one cereal meal per day
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with 9 mg Fe as ferrous fumarate maintained iron status
in 80% of the children over a 9-month period, while 20%
of the cohort developed anemia.25 It is likely that an
increase in the fortiﬁcation level would have resulted in
fewer children developing anemia. Even higher fortiﬁca-
tion levels would be needed if most of the children were
iron deﬁcient at the start of weaning rather than being
iron replete as in this study. In poor communities in
Bangladesh, 90% of the breastfed children were found to
be anemic at the start of weaning, presumably because of
the low iron content of human milk and limited maternal
transfer of iron stores during gestation.
Alternative iron compounds. If ferrous sulphate causes no
unacceptable sensory changes during storage or prepara-
tion of the pap, then this would be the best iron com-
pound with which to fortify foods for infants and young
children. Assuming 10% iron absorption and a comple-
mentary food intake of 50 g/day, a fortiﬁcation level of
18 mg Fe/100 g as ferrous sulphate would cover the needs
of 9–11-month-old children for absorbable iron. (For sul-
phate, 10% iron absorption is estimated, as opposed to 5%
for fumarate, since iron absorption from sulphate has
been shown to be three times higher than that from fuma-
rate in iron-deﬁcient children and similar to fumarate in
iron-replete children.) Encapsulated ferrous sulphate
(maximum 50% capsule) would also be suitable, if added
at the same concentration. Encapsulation in hydroge-
nated fat would prevent any fat oxidation during storage
of cereal foods but would not necessarily prevent
unwanted color reactions on preparation of the pap if
fruits or vegetables are included.13 Other soluble iron
compounds, such as ferrous gluconate,would be expected
to have the same high relative bioavailability as ferrous
sulphate, and to cause similar sensory problems.
However, no systematic evaluation of alternative soluble
compounds has been made.
Two other potential iron compounds for comple-
mentary food fortiﬁcation are ferrous succinate and
NaFeEDTA; however, both require further study. While
ferrous succinate was proposed previously,13 together
with ferrous fumarate, for infant cereal fortiﬁcation, it
has never been used commercially as an iron fortiﬁcant.
Before ferrous succinate could be recommended, further
absorption studies would be needed in infants and
young children fed cereal foods fortiﬁed with intrinsi-
cally labeled ferrous succinate and ferrous sulphate.
NaFeEDTA absorption would be expected to be 2–3
times that of ferrous sulphate in the absence of ascorbic
acid.29 While this compound does not provoke fat oxi-
dation in stored cereals, adverse color reactions are pos-
sible. No systematic studies have been made in infants
and young children and a recent SUSTAIN Task Force
recommended that complementary foods for children
under the age of 3 years should not be fortiﬁed with
NaFeEDTA because the amounts required for eﬀective
fortiﬁcation would exceed the acceptable daily intake
(ADI) of EDTA (1.9 mg/ kg body weight/ day).30 If
complementary foods were fortiﬁed with NaFeEDTA to
supply 75% of the FAO/WHO RNIs for iron (this
assumes the complementary food is consumed to supply
25% of daily energy requirements or more), then the
ADI would be exceeded for infants and young children
aged 6–36 months. Therefore, in order to fortify infant
foods with NaFeEDTA, the ADI of EDTA would need to
be re-evaluated. This would include long-term toxicol-
ogy testing in rodents with the aim of increasing the
ADI. It may be possible to lower the amount of EDTA
while maintaining the enhancing eﬀect by mixing
NaFeEDTA with ferrous sulphate. A ﬁnal possibility
is ferrous bisglycinate. While this iron compound is
absorbed from cereal foods 2–3-fold better than ferrous
sulphate, like ferrous sulphate, it has been reported to
cause fat oxidation during storage and adverse color
reactions.30 However, both ferrous sulphate and ferrous
bisglycinate could be used if antioxidants were added.
Elemental iron. Iron absorption by infants and children
from elemental iron powders has not been investigated
due to the diﬃculty and expense of making isotopically
labeled iron powders with identical physical and chemical
properties as the commercial powders. Eﬃcacy studies
with iron powders have been made mainly in adults. If
elemental iron powders are used for food fortiﬁcation, it
is important to specify the form of elemental iron accord-
ing to its method of manufacture. There are ﬁve diﬀerent
elemental iron powders. These are electrolytic, carbonyl,
and three forms of reduced iron, i.e., H-reduced,
CO-reduced, and atomized reduced. Only electrolytic
iron powder is recommended for food fortiﬁcation8,9 and
it is suggested that this iron fortiﬁcant be added at double
the level of ferrous sulphate to allow for its lower absorp-
tion. CO-reduced and atomized reduced iron powders
are not recommended as their absorption is considered to
be too low; H-reduced and carbonyl are considered to
require further evaluation.31,32 A recent eﬃcacy study per-
formed in Thai women consuming iron-fortiﬁed wheat
snacks indicated that H-reduced ironmay be a useful iron
fortiﬁcant, at least for adults.33 However, if ferrous fuma-
rate is less well absorbed in children due to their lower
capacity for gastric acid secretion, then other poorly
water-soluble iron compounds, such as elemental iron
powders, would also be expected to be less well absorbed
and proportionally higher amounts would need to be
added to the food. In addition, as reported for ferric pyro-
phosphate, iron absorption from elemental iron powders
may be upregulated less well than ferrous sulphate in
iron-deﬁcient subjects.
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There is some support for the use of high levels of
electrolytic iron for the fortiﬁcation of cereal-based foods
for children.34 In a study performed in Chile, children
from 4–15months of age consumed 25–30 g of rice cereal
per day, which was either unfortiﬁed or fortiﬁed with
55 mg electrolytic iron/100 g. The complementary food
provided 14–17 mg additional iron per day and was pre-
pared with unfortiﬁed formula containing ascorbic acid.
Some meat and vegetables were added to the diet from
the age of 4 months. At 15 months of age, the prevalence
of iron deﬁciency anemia in the children fed the fortiﬁed
cereal was only 3% compared to 15% in the children fed
the non-fortiﬁed cereal.
Relative cost of alternative compounds
Ferrous fumarate is reported to be about 30% more
expensive than ferrous sulphate per unit of iron.35 Encap-
sulation would increase the cost by at least twofold and by
up to eightfold depending on the compound chosen.36
Electrolytic iron costs about half as much as ferrous sul-
phate per unit of iron but, because the recommendation is
to add twice as much, the ﬁnal cost would be similar.
Ferrous succinate and ferrous gluconate are reported to
cost about four times and ﬁve times as much as ferrous
sulphate, respectively.
CONCLUSION
Ferrous fumarate is the recommended iron fortiﬁcation
compound for foods for infants and young children when
ferrous sulphate causes unacceptable sensory changes. In
adults, ferrous fumarate is as well absorbed as ferrous
sulphate from iron-fortiﬁed complementary foods.
Although two reports indicate that iron absorption by
infants and young children from ferrous fumarate-
fortiﬁed cereal foods is only about 30% of that from
ferrous sulphate, there is evidence from long-term
feeding studies that ferrous fumarate-fortiﬁed cereals
improve the iron status of infants. The reason for the low
RBV of ferrous fumarate in the short-term absorption
studies conducted in children is unclear, but it could be
related to the iron status of the children, to lower gastric
acid secretion in young children compared with adults, or
perhaps to the inﬂuence of added ascorbic acid. Evidence
is accumulating that iron absorption from ferric pyro-
phosphate, an iron compound poorly soluble in dilute
acid, is upregulated less well by iron-deﬁcient women
than iron absorption from ferrous sulphate. Such a phe-
nomenon leads to a lower RBV in iron-deﬁcient subjects
than in iron-replete subjects.
Current evidence from studies in young children
thus indicates that iron absorption from complementary
foods fortiﬁed with ferrous fumarate is less from the same
foods fortiﬁed with ferrous sulphate and that, especially in
iron-deﬁcient children, foods fortiﬁed with ferrous fuma-
rate would be expected to be less eﬃcacious. Since iron
deﬁciency is common in infancy, this lower absorption
from ferrous fumarate should be considered when deﬁn-
ing the fortiﬁcation level of complementary foods. The
amount of iron added should be based on the amount of
daily absorbable iron required from the food, the daily
consumption of complementary food, and the expected
bioavailability of the added iron.
A ﬁnal recommendation for the use of ferrous fuma-
rate in complementary foods cannot be given at the
present time because it is still necessary to further
compare iron absorption and iron eﬃcacy from foods
fortiﬁed with ferrous sulphate and ferrous fumarate in
iron-deﬁcient and iron-replete infants and young chil-
dren. However, based on current evidence, it can be rec-
ommended that ferrous fumarate be added at the same
iron concentration as ferrous sulphate in complementary
foods designed to maintain iron status in largely iron-
replete infants,while it should be added at double or triple
the iron level of ferrous sulphate if the target population
is largely iron-deﬁcient children, with care taken to
ensure that the UL is not surpassed.
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